Introduction
Limestones are generally hidden directly below the Quaternary system of unconsolidated sediments in North Chinatype coalfields. Thus, they may cause vertical hydraulic connections between karst water and shallow groundwater. The gradual longitudinal advancement in coal exploitation has made hydrogeological conditions in mines increasingly complicated. Long-term water filling after exploitation may also destroy the original groundwater circulation in aquifers and intensify the mixing effect. Groundwater inrush occurs frequently, which prevents exploitation of abundant explored coal resources. Therefore, studying the groundwater-mixing process in coalfields during exploitation is extremely important.
Isotope geochemistry presents unique advantages in studying groundwater movement and has developed rapidly. It can extract useful information of water circulation and is free from restrictions of water content [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] H) can be used as conservative natural tracer agents in a hydrological environment and provide a new perspective for groundwater circulation. They not only can trace the movement mode and process of groundwater but also can disclose the inner link profile of unsaturated water with surface and ground water. Apart from stable isotopes such as H and O, T and 14 C are also two important and powerful radioactive tracers [19] . They can be used to recognize modern and submodern rainfall recharges. They have been proven to be very useful in estimating recharging characteristics [20] , correcting groundwater model [15] , and examining regional groundwater movement [10] . T is used to estimate the mixing ratio of modern and submodern water in shallow aquifers and investigate the mixing process of groundwater [6] . Water movement rate and retention time can also be explored by recognizing the 3 H peak value [16, 17] . Tenalem et al. studied the correlation between surface water and groundwater in the Awash River Basin by using environmental isotopes and water chemistry method and examined the flowing mode of groundwater by considering the local geological background. The isotope method has been widely used to analyze sources of groundwater, altitude of supply regions, and relative proportions of different supply sources [21] . Lima et al. explored environmental isotope features and groundwater sources in an aquifer in the Recife Coastal Plain in Brazil [22] . The isotope analysis results showed that groundwater includes three parts, namely, latest recharged groundwater, old evaporated groundwater, and saline water. Vengosh et al. investigated groundwater sources of a sandstone aquifer in Nubia, Israel [23] . The unique isotopic features and deuterium excess value demonstrate that groundwater has various supply sources. Murad examined the variation process of groundwater hydrogen and oxygen isotopes between the Oman Gulf and the Arabian Gulf [24] . He concluded that rainfall is the main supply source of groundwater, water vapor of rainfall comes from the Mediterranean, and rainfall evaporates before recharging to groundwater.
This study aims to evaluate the mixing characteristics of various types of groundwater and to determine the sources of groundwater and its mixing mechanism in the main water inrush aquifers under an environment where the degree of coal mining is becoming increasingly serious. This study also aims to provide a theoretical conclusion and lay a foundation for judging the source of water inrush.
Hydrogeological Conditions
The Chaochuan Coalfield lies between the North Asian and South Asian belts in the east section of the latitudinal structure in the Qinling Mountains. The coalfield is an arc uniclinal structure, with the arc top orienting to the south. The east wing formation extends toward the northeast and leans to the northwest, with a dip angle of approximately 20°. The west wing formation extends toward the northwest and leans to the northeast. The dip angle of strata is generally larger than 70°, accompanied with local upright or inverted strata. Complicated structures are also present in the region. The study region is mainly developed with a northwest-trend fault and a northeast-trend fault, which constitute the mine plot or boundaries of the coalfield. Faults control and influence the hydrogeological conditions in the study area in different degrees. An arc normal fault is developed at the north boundary in the study area. The fault is higher than 1000 m. A karst-fractured aquifer is buried deeply below the Quaternary strata in the north of the fault, thereby forming water-blocking boundaries. A fault is present in the east boundary and also blocks water. Cambrian limestone is exposed in the southwest and south regions as belts and acts as the karst water recharge area (Figure 1 ). The groundwater usually flows from west to east and from south to north. In the study area, groundwater is generally discharged from the mine wells to the surface. Cambrian karst, Permian sandstone, and Quaternary aquifers are main aquifers in the study area. The Cambrian karst aquifer is developed with karst and has the strongest water among others. It is also the main water inrush aquifer at the coal seam floor because of its high hydraulic pressure and abundant recharge sources.
The Quaternary aquifer is of the Quaternary age and is composed of sands and gravels with a general thickness of 20-55 m, and it generates water inflows of 15-50 m The study area belongs to a semiarid continental monsoon climate region. The annual average precipitation is 668.1 mm. Uneven rainfall distribution is observed among four seasons. Most precipitation occurs in July, August, and September and accounts for 50%-60% of annual precipitation. The evaporation is three times of precipitation, and the annual average evaporation is 1834 mm. The annual average air temperature is 14.2°C (1957-2002) . The Chaochuan River, which is the primary river in the study area, flows from southwest to northwest. River flow is controlled by atmospheric rainfall. The Chaochuan Reservoir is constructed in the middle stream of the Chaochuan River. The control basin area is 21 km 2 , and the effective reservoir capacity is 1,500,000 m 3 . The Chaochuan Reservoir is built in the limestone-exposed region. The surrounding areas are highly developed with surface and underground karsts. A large karst cave is present (Figure 1(a) ), and Cambrian limestone is hidden directly below the Quaternary unconsolidated sediments (Figure 1(b) ). The karst water can exhibit vertical hydraulic correlation with groundwater in a Quaternary aquifer.
Materials and Methods

Sample Collection and
Testing. The 37 groups of water samples collected from the study area in August 2016 and October 2016 mainly include surface water and groundwater ( Figure 1 ). Cambrian limestone groundwater samples were collected by stratification sampling at leakage points under the shaft, mixed groundwater samples were collected using the drilling method, and groundwater samples in the Quaternary aquifer were collected from a motor-pumped well for civil use. Electrical conductivity, pH, and TDS field measurement of water samples were performed during sampling. Water samples were collected with 550 mL clean plastic , Na + , and K + ) concentration of water samples was measured using the Hitachi Z-5000 atomic absorption spectrophotometer. , and HCO 3 − in water samples is greater than 60, which reflects that the water quality characteristics obviously differ. Meanwhile, the standard deviation of δ 18 O, δ 2 H, and δ 13 C value in water samples is greater than 1‰, which indicates that the sources of groundwater vary (Table 2) . Notably, the TDS median of the MIX group is 3 Geofluids Table  1 : Mean of chemical composition of water samples in the study area (mg/L). , and HCO 3 − of the CSG group reflect a cation exchange characteristic.
Mixing Ratio Analysis.
The H and O stable isotopes of groundwater would not change during their interaction with rocks under low temperature (<60°C). Thus, the mixing ratio could be calculated by a linear mixing ratio calculation model of two or three end members. The model (n = 3) is as follows:
where δD and δ 18 O are the compositions of mixed H and O stable isotopes, respectively, and δD 1 , … , δD n and δ 18 O 1 , … , δ 18 O n are the compositions of H and O stable isotopes, respectively, of different end members. X 1 , X 2 , … , X n denote the mixing ratios of different end members. The groundwater tracing results in the study area show that rainfall-penetrated groundwater and evaporated groundwater (Quaternary groundwater) and "palaeogroundwater" (coalbed sandstone groundwater) exhibit different H and O stable isotope characteristics. Therefore, the two types of groundwater can be used as a mixing end member directly.
Results and Discussion
The two major hydrochemical types of groundwater in the study area are (1) Ca-Mg-HCO 3 and (2) Na-HCO 3 . The (Figure 2 ). The major hydrochemical type of Cambrian limestone groundwater and Quaternary groundwater is Ca-Mg-HCO 3 . Ca-Mg-HCO 3 is mainly mixed by Cambrian limestone groundwater and Quaternary groundwater, deviates significantly from the Na + /Cl − = 1 : 1 line, and falls on the same fitting line with Cambrian limestone groundwater and mixed drilling groundwater (Figure 3 ). Cl-δ 18 O reveals that an appropriate amount of sandstone groundwater in the coalbed participates in the mixing along the groundwater runoff.
Quaternary groundwater and Cambrian limestone groundwater samples mostly distribute along the evaporation line; this distribution implies that karst water and Quaternary groundwater have the same source in the study area and are mainly recharged by penetration of surface water (Figure 4) . However, some Quaternary groundwater, Cambrian limestone groundwater, and coalbed sandstone groundwater samples deviate from the evaporation line greatly, and this deviation indicates remarkable mixing with "palaeo-groundwater." The 3 H value of one coalbed sandstone groundwater sample is smaller than 0.5, which is smaller than the test value of the instrument. The 14 C content is 13.6 pmc, which indicates that this sample may be the last one recharged by rainfall in the ice stage and can be used as the end member of palaeo-groundwater.
The δD and δ 18 O values of Quaternary groundwater and Cambrian limestone groundwater increase with the increase in TDS ( Figure 5 ). TDS is mixed with the original aquifer groundwater along the runoff direction, thereby decreasing the δD and δ 18 O values. However, TDS along the runoff direction increases. In coalbed sandstone groundwater, δ 13 C decreases with the increase in CO 3 2− + HCO 3 − (line 3 in Figure 6 ). This condition indicates kinetic fractionation of groundwater in biodegradation of organic matters. δ 13 C increases with the increase in CO 3 2− + HCO 3 − in Cambrian limestone groundwater, and this condition indicates that organic matters produce methane due to methanogens (line 1 in Figure 6 ). For Quaternary groundwater, δ 13 C decreases with the increase in CO 3 2− + HCO 3 − (line 2 in Figure 6 ). Groundwater samples from different aquifers in the study area are drawn in the δ 18 O-δD scatter diagram in accordance with the δ value (δD and δ 18 O) ( Figure 7 ). ΔAB C is determined in accordance with the distribution features of water sample points. The results of the established linear groundwater-mixing ratio calculation model and groundwater recharge process and tracing qualitatively show that A in ΔABC represents palaeo-groundwater with low proportion, B stands for rainfall-penetrated groundwater free from 7 Geofluids evaporation, and C is Quaternary groundwater that has experienced surface evaporation and has high δ. The δ 18 O-δD scatter diagram of groundwater shows that the Quaternary groundwater and Cambrian limestone groundwater are close to the intersection end of the "BC" and "AC" lines. Penetration water in the aquifer due to evaporation takes the dominant advantages. Coalbed sandstone groundwater is close to the intersection end of the "BA" and "AC" lines, and this condition shows remarkable mixing with palaeo-groundwater.
As shown in Figure 8 , HCO 3 − and Cl − exhibit a linear relationship with the mixing ratio, whereas Na + , Ca
2+
, and SO 4 2− show certain degrees of curvature. This condition reflects that HCO 3 − and Cl − can be used as conservative tracing ions to study the mixing process of groundwater. From the calculation results, coalbed sandstone groundwater is found to account for more than 60%. On the contrary, the deep limestone groundwater accounts for less than 20%, which is close to that of the Quaternary groundwater. This finding demonstrates that deep limestone groundwater mainly comes from the leaking recharge of Quaternary groundwater, which is considered "modern" rainfall recharge.
Conclusion
In this study, aquifer groundwater, local rainfall, and surface water samples, which exert important impacts on coal exploitation in a typical coalfield (Chaochuan Coal Mine), were collected at different seasons. The following conclusions were drawn:
(1) In the study area, long-term water filling after exploitation of aquifer occurs, which may destroy the original groundwater circulation of the aquifer. 
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Hydraulic alteration in the recharge area accelerates, and surface water is recharged into the aquifer in the study area.
(2) In the main recharging aquifer in the study area, rainfall penetration is the main source of Cambrian limestone groundwater in the north limestone outcropped region, and surface water penetration is the main source of Quaternary groundwater. Coalbed sandstone groundwater mainly comes from the mixture of palaeo-groundwater and Quaternary groundwater. Cambrian limestone groundwater, coalbed sandstone groundwater, and Quaternary groundwater present a high potential to be mixed together.
(3) Water sources during coal mining can be deduced from the quantitative perspective in accordance with the dynamic changes in stable isotope compositions and the variation in the trend of the linear member mixing ratio at an effluent sampling site under the shaft. Specific countermeasures against water inrush accidents should be taken to protect groundwater resources effectively. This model is applicable to water disaster control in North China-type coalfields after proper modifications. The research conclusions can provide important references for water disaster control in other coalfields.
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